ABSTRACT
BACKGROUND
The theory of continuous and discrete wavelet transforms [l, 21 has inspired much basic and applied research in signal and image processing, as well as revitalizing the study of sub-band filtering [3, 4, 51 
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and F(w) is the Fourier transform offit). The uncertainty inequality quantifies the fact that the time and frequency localization of information cannot simultaneously be arbitrarily small. It can be shown that the continuous, infinite time, Gabor wavelet [6] is the only wavelet which achieves this minimum. The lower the Heisenberg uncertainty, the better is the resolving power of the wavelet. The uncertainty is invariant over the scales used in the D W , as data is filtered and subsampled, the time resolution is successively halved and the frequency resolution is doubled, preserving their product Am At. 
A BALANCED UNCERTAINTY METRIC
The Heisenberg uncertainty product Am At is not itself a useful figure of merit for wavelet design. In our earlier work [7] we introduced an uncertainty metric for the orthonormal case, which forms a weighted balance between A o and At. We showed that orthonormal wavelets giving good MSE and visual quality could be designed by appropriate trade-off between frequency and time dispersion. The results were superior to those of maximum regularity wavelets, both in MSE and organized visual trials.
We now propose the following balanced uncertainty metric for biorthogonal wavelets:
where subscripts U and s refer to the analysis and synthesis filters respectively, and the parameters k2, k, and k4 specify the relative importance attached to the time and frequency resolutions. To design a wavelet for any desired balance, we choose values for k2, k, and k4, and minimize M(k2 , k3 , k4) directly from the FIR filter coefficients using equations 1 and 2. This enables us to search for good wavelets without the cost of repeated compression and decompression cycles. Using our implementation of Shapiro's zerotree coder [9] , each of the 512 wavelets was used to compress the five test images listed in Table 1 at compressions of 20:1, 40:l and 80: 1, and the resultant errors were recorded.
As an example, Figure 1 shows the variation of the PSNR error as a function of the space dispersion parameters k, and k4, for fixed k, for the boats image at 20: 1.
The parameter values yielding lowest error for each of the 15 test image / compression ratio combinations were obtained. A compromise wavelet intended to give good performance over all test images was obtained by averaging the above 15 sets of k-parameter values, to get k2 = 0.61, k3 = 1.33, and k4 = 0.55. The wavelet coefficients found by optimizing M(k, , k, , k4) are given in Table 2 .
Additionally, a maximum regularity 10/10 wavelet (wavelet D of [IO] ) was used to compress each of the 5 test images at the three compression ratios. It was found that the best of the 512 balanced uncertainty wavelets gave lower error than the maximum regularity wavelet in every case. The 'mean' wavelet improved over maximum regularity in 12 out of 15 cases. Table 1 compares the PSNR performance of the 'mean' wavelet at 40: 1 compression with the individual optimum wavelets, and the maximum regularity wavelet of the same length. Also included in the table are the best wavelets for Boats and Lenna applied across all five images.
APPLICATION TO FINGERPRINTS
psychovisual ranking compression, as well as a particular wavelet for use within this technique. The FBI wavelet is a maximum regularity spline wavelet of length 9/7 [ll] . In our earlier work [12], we searched the space of biorthogonal wavelets to find wavelets which are optimal for the compression of fingerprint images. This work produced a length loll0 wavelet, called S 10, which minimized therms error between original and reconstructed fingerprint images at 20: 1 compression.
We compressed fingerprint images using the 'mean' wavelet, the FBI wavelet and the S10 wavelet. Table 3 shows typical rms errors as well as a psychovisual ranking of the reconstructed images by two police fingerprint experts. Figure 3 shows detail from one of the three fingerprints used in the trial. 
DISCUSSION
The use of wavelets for compressing fingerprint images for use in Automated Fingerprint Identification Systems (AFIS) is of considerable commercial importance because the US Federal Bureau of Investigation (FBI) has specified the use of a wavelet technique for fingerprint image Previous work showed that significant PSNR and visual improvement over maximum regularity wavelets was obtained by selecting orthonormal wavelets for the balance of their time and frequency dispersions [7] . Here we have (c) h-q"-w by 'mean' Wavelet extended this result to biorthogonal wavelets. The space-frequency characteristics of wavelet filters are often held to be an important attribute [ 5 ] , but in practice consideration of these characteristics in designing wavelets is largely ignored. We use a metric which balances scale and frequency to design wavelet filters, and examine the PSNR of the filter banks in image compression using a specific family of wavelets on several test images. The results show this to be a good approach.
CONCLUSIONS
We have introduced a metric based on balanced uncertainty for the design of biorthogonal wavelets. Minimization of the metric balances the time and frequency spreads of the analysis and synthesis filter responses. Because the metric can be computed directly from the filter coefficients, it can be used to optimize wavelets for image compression without the cost of repeatedly compressing and decompressing images.
Perhaps the most important comparison is with the 'maximum regularity' approach, which tends to give the filter a flat response and sharp cutoff in the frequency domain, at the expense of ringing. Our results show this to be a suboptimum design principle in selecting wavelets for image compression. With suitably chosen parameters, the popularity, if a single test image is to be used for designing and comparing wavelets for compression, we suggest it should not be this one.
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be designed on the basis of their performance on a single
